Objective-To investigate the effects of a one year programme of running training (up to 
density of collagen fibrils. The concentrations of collagen and hydroxypyridinium crosslinks were investigated biochemically. Results-Running training decreased by 24-34% (p < 0-05) in the superficial zone of the lateral femoral condyle articular cartilage and at the centre of the tibial condyles. F of glycosaminoglycans decreased by 26% (p < 0-05) in the superficial zone of the lateral condyle of the femur, but at the same site the volume density of collagen fibrils was unchanged. Neither the collagen concentration nor the concentration of hydroxypyridinium crosslinks was altered as a result of running. In both control and runner dogs, the thickness and F values of the superficial zone were greater in the humerus and the femur than in the tibia. Conclusion-Endurance type running exercise in beagles caused a reduction in the superficial zone birefringence of the articular cartilage, which indicates either a disorganisation or a reorientation of the superficial zone collagen network. Articular cartilage showed marked variability of collagen network organisation over the different knee (stifle) joint articular surfaces.
(Ann Rheum Dis 1996; 55: [253] [254] [255] [256] [257] [258] [259] [260] [261] [262] [263] [264] Articular cartilage matrix consists mainly of collagen and proteoglycans. The negative charge density of the proteoglycan glycosaminoglycans collagen fibril arrangement in cartilage was based on studies made by polarised light microscopy,7 and delineated tangential, transitional, and radial zones in the articular cartilage, in which the collagen fibrils were arranged, respectively, parallel with, oblique to, and perpendicular to the articular surface. The orientation of the long axis of split lines, introduced onto the cartilage surface by pin punctures, corresponded to the orientation of superficial zone collagen fibrils.7 Later transmission and scanning electron microscopic observations largely confirmed the results of Benninghoff.8'0 Until now, relatively little attention has been paid to the arrangement of the collagen fibrils in different parts of the articular surface of a joint that, understandably, influences the local biomechanical properties and vulnerability of cartilage.
Loss of proteoglycans and the breakdown of the cartilage collagen network is typical of osteoarthritic cartilage.' 1 1 In osteoarthritis, the concentration of collagen does not change on a dry weight basis until the lesion is severe. '2 However, several authors have reported that collagen synthesis is increased in osteoarthritic cartilage,'2 13 though others have reported decreased synthesis.'4 Initial disorganisation and altered orientation of the articular cartilage collagen fibrils in response to sectioning of the anterior cruciate ligament has been reported. '5 It is interesting that this process takes place while the cartilage surface still appears smooth and intact.
We recently reported that a programme of running training ofyoung beagle dogs, running up to 40 km/day for 15 weeks, led to a decrease in the glycosaminoglycan content and stiffness of the articular cartilage in the loaded and weight bearing areas of the canine knee (stifle) joint. 16 17 The aim of the present study was to examine whether such long term running training also has any effects on the collagen fibril network of the articular cartilage. We used both conventional polarised light microscopy and a new quantitative computer based image analysis system attached to the polarised light microscope. The volume density and thickness of collagen fibrils in the superficial and deep zone were studied by transmission electron microscopy. Biochemical measurements of collagen and its hydroxypyridinium crosslinks were also made.
Materials and methods

ANIIMALS
National Laboratory Animal Centre in Kuopio, Finland, were used as experimental animals. There were no anthropometric differences between the dogs purchased from England and their Finnish counterparts (data not shown). The dogs were divided into control (n = 10) and running (n = 10) groups. The control and runner dogs from the same breeding colony were sister pairs. The dogs were housed in standard cages with a base area of 0 In polarised light microscopy, the anisotropic collagen fibrils of articular cartilage cause an optical path difference (retardation) (F) of the light.27 The birefringence of a collagen fibril in linearly polarised light is dependent on the angle between the axis of polarisation and the axis of the fibril, and on the geometric thickness of the specimen or the structure. 27 In cartilage sections, F depends also on the organisation (orientation) pattern of collagen fibrils or the density of collagen structures in the specimen, or both.24 To detect maximum birefringence, the fibril must be oriented at an angle of 450 to the axis of the polariser or analyser. In our investigation, the fibrils of the surface were measured first by adjusting the cartilage surface exactly at an angle of 450 to the axis of the polariser, then the chondrocyte columns were set at an angle of 450 to the axis of the polariser, to measure the birefringence in the deep zone. Birefringence in the middle zone is reduced to zero by lack of coherent orientation of the fibrils, and was not measured (fig 3) . Fresnel derived a general equation relating the intensity of incident light to the intensity of the emergent light as altered by the retardation of the object, the compensator, and by the angle of the axis of the analyser.27 When the axes of the polariser and analyser intersect at 900, Fresnel's equation can be written as follows:
I=a+bIosin2 (x) 0'0ot900 (1) from which follows:
where Io = intensity of light entering the polariser; I = intensity of the light emerging from the analyser (0 to 4095 grey values); a = observed baseline light intensity when ct is zero; b = coefficient that accounts for the camera and microscope adjustments and light absorption due to the whole system; (x = rotation angle of the compensator.
'a ila Figure 3 Polarised light microscopy analysis. The Microscope dependent variables such as lamp illumination, microscope alignment, monochromator, magnification, lens aberrations, etc, were kept constant and were taken into account in the final intensity-retardation transformation. To determine the practical mathematical relationship between the measured light intensity (grey scale value) and ot values, a rotatable Senarmont X/4 compensator plate was used as a calibration specimen between the crossed axes of the polariser and analyser. Initially, readout noise from the charge coupled device and other electrical components of the system was determined at each pixel and stored as a separate background image. The compensator was rotated by 0.50 steps between 0 and 200. Each compensator rotation was digitised and subtracted from the respective background image. The mean intensity for each compensator step was registered and the compensator angle values were plotted against the respective mean grey intensity. Finally, constants a and b of equation (2) were determined by an iterative process using a Kaleida Graph software (Synergy Software, PA, USA) to determine the standard calibration curve required to convert the observed grey intensity of the specimen into ot values. A set of measurements was carried out using manual compensation with the Senarmont A/4 compensator plate in the samples. The theoretically derived constants were applicable to this real dataset with very close agreement (r2 = 0 986), which indicated that virtually no light loss occurred because of unstained samples. Consequently, the optical path difference of the birefringent material (F) was calculated using the Senarmont method,27 as follows: F= (otX) / 1800 (3) where ot = angle (0) (value derived from equation (2)); A = wavelength (nm) of monochromatic light. The anisotropic areas of superficial and deep zones of articular cartilage were analysed separately to achieve the optimal orientation of the sample. Within the area of measurement, the smallest unit of area was a pixel; in our case, one pixel corresponded to 1- (5) The fourth parameter recorded for a zone was the thickness of the zone, which was obtained from the number of rows in the measuring area expressed as ,im and percentage thickness of the total uncalcified cartilage.
To test the effect of orientation of the specimen on the AIR values of the cartilage surface and deep zone, which was set at an angle of ± 450 to the axis of the polariser and analyser, we rotated the specimens on the stage and made multiple measurements at different angles (± 20, ± 50, ± 80, and ± 100). At the FPI location ± 20, ± 50, ± 80, and ± 100, we observed decreases of 1 1%, 3-6%/, 4-3%/, and 6<1%, respectively, in AIR values in the superficial zone. In the deep zone, angles ± 20, + 50, ± 80, and ± 100 resulted in decreases of 3-3%, 5 
BIOCHEMICAL ANALYSIS
For the biochemical analysis, the proximal head of the humerus was stored in Ringer's solution at 4°C for 12 to 14 hours to test the biomechanical properties of the cartilage. 17 A dental drill equipped with one cutting blade was used to cut 1-5 X 6-0 mm sized cartilage-subchondral bone slices from the central area of the head of the humerus near the site of biomechanical testing (fig 2) . During preparation, the specimens were kept moist with ice cold Ringer's solution. After storage at -70°C, the uncalcified cartilage was carefully separated from the subchondral bone with a surgical knife under a stereomicroscope and stored at -70°C until required for further analyses. The cartilage samples taken for biochemistry were freeze dried, weighed, and hydrolysed in 6 molIl hydrochloric acid at 1 1 0°C for 24 hours in sealed tubes before the determination of collagen as hydroxyproline, and hydroxypyridinium crosslinks as pyridinoline. Part of the hydrolysate was subjected to partition chromatography,3" and pyridinoline was measured by 114 (18) 59 (23) 577 (71) 545 (159) FLIM (n = 8) 398 (286) 449 (87) 77 (22) 80 (14) 30 (21) 46 (34) 291 (32) 323 (74) FLI (n = 9)
611 (81) 599 (153) 77 (13) 69 (15) 105 (32) 98 (25) 429 (72) 432 (165) FLIL (n = 9) 639 (70) 726 (192) 120 (30) 139 (45) 59 (18) 49 (24) 460 (84) 538 (182) Tibial condyles TMM (n = 9) 499 (100) 555 (83) 57 (15) 45 (20) 52 (18) 52 (43) 390 (112) 458 (81)* TMI (n= 10) 1008 (110) 1007 (101) 47 (13) 36 (9) 25 (18) 36 (22) 936 (109) 935 (105) TML (n= 10) 1113 (131) 1163 (149) 59 (7) 67 (18) 13 (23) 32 (45) 1041 (129) 1064 (121) TLM (n= 9) 960 (187) 99 (178) 74 (31) 61 (17) 18 (20) 29 (32) 868 (180) 907 (177) TLI (n = 9) 780 (109) 805 (104) 35 (11) 33 (8) 34 (10) 40 (18) 711 (111) 732 (94) TLL (n = 9)
486 (57) 565 (133) 63 (26) 80 (22) 93 (45) 75 (35) 330 (39) 410 (146) Humerus Hum (n =9) 506 (50) 469 (47) 59 (8) 60 (11) 43 (13) 51 (17) 404 (89) 358 (50) FMI, FLI) (n = 29) (4-96 (0-36) nm/p.m2) and 52% greater than that of the tibial cartilage (TMI, TLI) (n = 19) (3.14 (0-27) nm/ Rm2) in the control group. The zonal distribution of F (nm4l,m2) showed that the difference was greatest in the outermost or superficial one third of the superficial zone (fig 4) . After the running training, the AIR value of the collagen fibrils decreased by 24% on the summits of the lateral femoral condyle (FLI), and by between 25% and 34% on the central points of the tibial condyles (TMI, TLI) (table 3, fig 5) . In addition, at the medial point of the lateral condyle of the tibia (TLM), the area not covered by meniscus, AIR values decreased by 30% in the superficial zone (table 3) . The reduction in AIR value was most pronounced in the first and second one thirds of the superficial zone (fig 4) . At the marginal areas of the medial and lateral condyles of the femur (FMIM, FMIL, FLIM, FLIL) , the AIR values were not changed after running. At the head of the humerus (Hum), F was significantly decreased in the second one third of the superficial zone (fig 4) . Running had no effect on the value of F in the deep zone of articular cartilage of any of the test points (table 3, fig 4) .
In the superficial zone, the preferential orientation axis of the sulphated glycosaminoglycan molecules seemed to be parallel to the articular surface. In the pericellular matrix of the deep zone, glycosaminoglycan molecules were arranged tangentially around the chondrocytes, whereas in the interterritorial matrix the pattern of orientation of glycosaminoglycans was perpendicular to the articular surface. After running training, at the intermediate point of the lateral condyle of the femur (FLI), mean (SD) F of glycosaminoglycans in the superficial zone matrix decreased significantly from 40 0 (10-3) nm to 29-7 (9-8) nm (p = 0-036) (fig 6) . In the interterritorial matrix of the deep zone, F of glycosaminoglycans decreased from 33-7 (8-7) nm to 32-4 (5-0) nm, and in the pericellular matrix of the deep zone it decreased from 60-6 (11-3) nm to 51 8 (9-0) nm, but these changes were not significant (fig 6) . In humans, the contact area and pressure appear to increase in particular in the lateral compartment of the knee when the load increases. 43 As judged by kinesiological analysis of the canine knee (stifle), the patellofemoral compartment and the summits of the femoral and tibial condyles probably carry the heaviest loads. 38 The present study has demonstrated that running training of 40 km/day for 15 weeks caused a significant reduction of the superficial zone birefringence of the articular cartilage. The decreased birefringence occurred mostly at the summit of the lateral condyle of the femur (FLI) and at the central areas of the tibial condyles (TMI, TLI, TLM), and was most pronounced in the outermost or the second one third of the superficial zone. Birefringence of the superficial zone was also significantly decreased in the head of the humerus. At the margin of condylar areas the birefringence of neither the superficial nor the deep zone collagen changed. In addition, the femoropatellar cartilage revealed no significant changes after running. Thus the effect of running exercise on collagen was highly site dependent, as has been proposed before. 22 Neither the total concentration of collagen nor the total hydroxypyridinium crosslink concentration was altered at the head of the humerus, though the birefringence of the cartilage superficial zone decreased. The biochemical measurements of cartilage collagen were performed in specimens containing both the superficial and the deeper zones. Consequently, the changes observed in the superficial zone (collagen) birefringence at the cartilage surface cannot be compared directly with the biochemical concentration of collagen. In the lateral condyle of the femur (point FLI), where the reduction in AIR values was most pronounced in the first and second one thirds of the superficial zone, the volume density of the most superficial collagen fibrils was slightly, but not significantly, decreased. These data suggest that the decrease in birefringence observed in the superficial zone Another reasonable explanation of the decrease in the birefringence would be that, during running training, the individual collagen fibrils retain their normal structure but, through degradation and resynthesis, change their global orientation, resulting in a decrease in birefringence. This implies that a reorientation or reorganisation of collagen fibrils would take place, which may be a physiological functionally adaptive response to long distance running training. These changes are possibly produced during the attainment of skeletal maturity, rather than after it is attained. In general, the prevailing view is that the metabolism of collagen in articular cartilage is slow.45 The collagen framework of canine articular cartilage is laid down early during growth and the collagen turnover in mature cartilage is slow.45
The mechanism that accounts for collagen fibril disorganisation or reorientation remains to be elucidated. As suggested earlier, a possible stiffening of the subchondral plate can cause a reduction in the shock absorbing capacity of the bone end. 46 4 In this investigation, the histomorphometric parameters of subchondral bone showed changes such as an increase in the trabecular bone and osteoid volume, increased bone formation, and an increased area of resorption surface. This is indicative of bone remodelling.35 Stiffening of the subchondral bone will expose the superficial collagen fibrils to excessive peak loads, perhaps sufficiently large to lead to breakdown of individual fibrils in the cartilage surface. This mechanism seems even more plausible in the light of the simultaneous depletion of superficial zone glycosaminoglycans,16 and the softening of the cartilage:'7 proteoglycan loss in the superficial zone reduces the swelling pressure of cartilage and the cartilage softens. '7 Greater amounts of energy are absorbed in the cartilage during weight bearing, and the collagen fibrils may be exposed to peak loads sufficiently large to cause disturbance or reorientation in the collagen network. These peak loads may even be sufficient to injure individual collagen fibrils. Proteoglycan loss in the superficial zone exposes the collagen fibrils and makes them vulnerable, not only to mechanical forces, but also to attack by degradative enzymes. Catabolic factors such as matrix metalloproteinases (for example stromelysin-1 and collagenase) released from the chondrocytes by cytokines (for example interleukin-1) are able to degrade most of the cartilage components such as proteoglycans and various types of collagen (II, IX, X, and XI).48 49 Long distance running training causes depletion of glycosaminoglycans at the superficial and intermediate zones at the point FLI, '6 and also alters the optical anisotropy of the glycosaminoglycans. The decreased optical anisotropy of glycosaminoglycan molecules recorded from the extracellular matrix of the superficial zone can be explained in three different ways. The first possibility is an actual loss of proteoglycans from this zone during long distance running. In this case, less glycosaminoglycan will be stained in histological specimens and thus less optical anisotropy will be recorded. The second possibility is that the decrease in induced glycosaminoglycan birefringence is attributable to the decreased organisation pattern of the interacting collagen; it has been shown repeatedly that 
